The surface charge of fiberglass is an important variable for fiber dispersion and web formation in a wet-laid process. This paper presents an overview of the glass surface electrokinetic properties as well as their applications for improving the quality of wet-laid nonwovens through good fiber dispersion and uniform web formation. The paper addresses the basic concepts used in electrokinetic characterization of glass surface and briefly discusses the available techniques for zeta potential measurement.
Introduction
Wet-laid glass nonwovens, or wet-formed glass mat (WFGM), began appearing in the 1960s in small amounts. Rapid growth in the production of WFGM has occurred since ~1980 when it was introduced into glass-based roofing shingles. It is predicted that a moderate growth of the WFGM production will continue in the foreseeable future.
The WFGM process primarily deals with the dispersion of fiberglass in white water and the subsequent formation of a glass web on a forming fabric while being de-watered. The electrokinetic properties (the term "electrokinetic" means the combined effect of motion and electrical phenomena) of a glass surface play an important role in fiber dispersion/web formation and may directly contribute to the quality of WFGM. This paper presents an overview of the electrokinetic properties of glass surface and their applications for improving WFGM quality through good fiber dispersion and uniform web formation. The paper consists of two parts: part one discusses fundamentals of fiberglass surface and its electrokinetic properties as well as their effect on a colloidal system that contains fiberglass; and part two introduces available techniques for the measurement of zeta potential. Helpful references have been listed at the end of this article [1] [2] [3] [4] [5] [6] [7] .
Part I: ELECTROKINETIC PROPERTIES OF FIBERGLASS SURFACES Fiberglass/Water Interface and Electrical Double layer
Bulk glass does not exhibit electrostatic charges. When brought into contact with water (in liquid or in air), however, glass surface generally exhibits net negative charge. The negative charges may originate from surface ionization and surface ion adsorption, etc.
The net charges on a fiberglass surface influences the distribution of nearby ions in a polar medium: ions of opposite charge (called counter-ions) are attracted to the surface and ions of like-charge (called co-ions) are repelled away from the surface. Thermal motion is another factor that affects the distribution of charged species in the fiberglass/water interface region, and tends to distribute charged species in a diffused manner. The overall effect of the electrostatic interaction and thermal motion results in an equilibrium distribution (Figure 1 ) of charged species in the interface region and forms a so-called electrical double layer (EDL). In Figure 1 each "-" sign represents either a negative charge on the fiberglass surface or an anionic ion in the fluid phase, and a "+" sign stands for a positive charge on the surface or a cationic ion in the fluid phase. The "-" signs are predominant on the surface, indicating fiberglass surface is negatively charged. The bulk fluid far away from the surface will not "feel" the influence of surface charges, so it is electronically balanced. In between the negatively charged glass surface and the neutral bulk phase, there exists a layer of fluid that contains excess cationic ions (i.e. more cationic ions than anionic ions). Figure 1 schematically shows that an electrical double layer consists of a charged surface and a layer of excess counter-ions distributed in a polar medium.
There are several models that deal with the distribution of ions in an EDL and the magnitude of electrical potential near a charged surface. Helmholtz model [2] treats the EDL as "two sheets of charges:" a charged surface and a layer of counter-ions that is held fixed to the surface. Gouy-Chapman model [8] [9] [10] , as shown in Figure 1 , treats the EDL as a charged surface plus a diffused layer (Gouy layer) of counter-ions. Stern-Graham model [11] is a combination of the two above and is widely accepted as the representation of the EDL structure. Figure 2 illustrates the Stern-Graham model: an EDL consists of a charged surface, a Stern layer (a compact layer of counter-ions held tightly to the surface) and a diffuse layer of ions in a polar medium. While the thickness of the diffuse layer may vary widely, the Stern layer is typically very thin (approximately a monolayer). Figure 2 also introduces a concept of "shearing surface," which is similar to the term of "boundary layer" used in fluidynamics. For example, when a charged glass surface is moving in a medium (e.g. white water), a layer of medium (boundary layer) will attach to it and move with it. So this motion creates a shearing surface relative to the stagnant fluid phase (see schematic illustration in Figure 8 in Part II).
Surface Potential and Zeta Potential
Surface potential and zeta potential are two different concepts. In practice, however, zeta potential is often used as a "synonym" of surface potential. As shown in Figure 2 , unequal distribution of electrical charges gives rise to an electrical potential across the interface region. The magnitude of electrical potential varies and depends on where it is measured. Surface potential is the electrical potential measured at the fiberglass surface, and the electrical potential determined at the shearing surface is termed as zeta potential.
As the distance away from the charged surface increases, the electrical potential (magnitudeNote) decreases. The electrical potential decreases linearly across the Stern layer and gradually in the diffused layer. As shown in Figure 2 , it is obvious that the magnitude of zeta potential is generally smaller than that of surface potential. In practice it is very difficult to directly measure the surface potential, while the zeta potential can be easily determined (see Part II). For the sake of convenience, people tend to use zeta potential as a "synonym" of surface charges, although they are different concepts. Figure 3 shows the typical electrokinetic behavior of a bare glass surface and a sized glass surface. The zeta potential of glass surface is strongly affected by pH. The pH at which the zeta potential equals zero is termed "isoelectric point" (IEP). At the IEP, the shearing surface is neutralized, so the repulsion between fibers is minimized.
pH Effect and Isoelectric Point (IEP)

Note: Fiberglass has a negatively charged surface and a negative electrical potential. For the matter of convenience, in this article, an "increase" (or "decrease") of electrical (zeta) potential means an "increase" (or "decrease") in the MAGNITUDE of electrical (zeta) potential, unless otherwise specified.
Bare glass surface ( Figure 3 ) has an IEP of ~2. Variation in glass composition may change it slightly. At pHs above 2, bare fiberglass has a negatively charged surface and its zeta potential is always negative. As pH is increased, the magnitude of zeta potential of bare fiberglass increases.
Practically, the zeta potential of fiberglass is of importance to its dispersability and to the stability of a colloidal system that contains glass fibers. For example, a zero or low (magnitude) zeta potential is needed in order (1) to efficiently pack wet glass fibers in a box for shipment or (2) to have a uniform web formation in the WFGM process. Bare glass has an IEP of ~2. At a low pH near 2, a strong acid condition, the fiber-fiber interactions can be minimized. However, there are lots of disadvantages to operate the WFGM process at low pHs.
Owens Corning uses and supplies sized fiberglass that has an IEP around neutral pHs to facilitate fiberglass handling and glass web formation. Depending on the requirement for a particular process or the properties of a particular product, various sizing chemicals can be used to modify the electrokinetic properties of fiberglass.
Interparticle Forces and Interparticle Potentials
The electrokinetic behavior of fiberglass is of critical importance to the WFGM process. In general, there are four types of interparticle forces that affect fiber-fiber and fiber-white water interactions: electrostatic, van der Waals, hard sphere, and steric forces. The repulsive hard-sphere interactions become significant only when the two particles are getting very close to each other, therefore, are typically negligible in the case of WFGM process. The steric interactions certainly play a role due to the use of polymeric substances (in size formulation and in white water, e.g. polymeric viscosity modifier), but are also insignificant due to the relative large dimension of fiberglass (the diameter of fiberglass is much bigger than sub-micron colloidal particles). So, in the WFGM process, the fiber-fiber interactions are mainly determined by the overall balance of the van der Waals attraction and the electrostatic repulsion. 2) is predetermined for a given system, the electrostatic repulsion is the only factor that can be manipulated to vary the net potential energy between two fibers.
Fiberglass Surface where, s = particle size S = particle shape D = distance between two particles 0 = surface potential = dielectric constant of the dispersing liquid b = thickness of EDL = 1/ = Debye parameter
Figure 4 INTERPARTICLE POTENTIALS
For the purpose of simplicity, the repulsive potential (force) between glass fibers is directly affected by the value of zeta potential. The higher the magnitude of zeta potential, the more repulsive the fibers are. As a result, the glass fibers will be more repulsive to each other. This helps fiber dispersion, but hurts the web formation in the WFGM process. On the other hand, the lower the magnitude of zeta potential, the less repulsive the fibers are. As a result, the glass fibers tend to get closer to each other.
WFGM Process: A Special Case
As indicated in Equation 1, the electrostatic repulsive potential energy is a function of particle size, shape, surface potential, the effective thickness of EDL, the distance between two particles, and the dielectric constant of a dispersing liquid. In many cases there might be no solutions at all. Fortunately, the input glass fibers for the WFGM process are relatively large (large fiber diameter compared to sub-micron colloidal particles) with a relatively thin EDL. By approximation, the electrostatic repulsion between glass fibers can be estimated by 5) is fixed. By varying the zeta potential (surface potential) of fiberglass or the ionic strength of medium (e.g. white water), the repulsive energy (Equation 4) can be changed. As a result, the net potential (Equation 6 ), as schematically illustrated in Figure 5 , can be changed.
Conflict: Web Formation vs. Dispersion
In the WFGM process, the dispersion of glass fibers in white water and the formation of a glass web in the forming zone are two conflicting concepts. To achieve good fiber dispersion, the fiber-fiber repulsion needs to be maximized. On the other hand, the fiber-fiber interactions need to be minimized in order to form a uniform glass web. Usually the solution is a compromise between the two. Generally, the author believes that the effect of electrokinetic properties on web formation is more critical than on fiber dispersion, and a good fiber dispersion can usually be achieved by the assistance of vigorous mechanical agitation and hydrodynamic means. As shown in Figure 5 , we believe that the WFGM process typically deals with the secondary minimum on the net potential energy curve. For instance, in order to achieve a good web formation for improving mat quality, we compress the EDL and reduce the zeta potential of fiberglass by applying sizing chemicals on the surface of input glass fibers and by using chemicals in white water. As a result, the repulsion barrier is reduced and the glass fibers can come closer to each other (trapped in the secondary minimum, a potential well). To disperse fibers in white water, mechanical agitation, in addition to sizing and white water chemistry, plays an important role to "pull" the fibers out of the relative shallow "potential well. " 
Manipulating of Zeta Potential: Specific and Non-specific Adsorptions
The aforementioned principles clearly indicate that the electrokinetic property of fiberglass is very important to a WFGM process. Logically, the next question is how to manipulate it for the ease of process and the quality of products. Although what additives to use and how much to use are kept secret by the fiberglass suppliers (sizing chemistry) and the WFGM producers (white water chemistry), it is generally understood that the addition of ionic surfactants (either low molecular weigh substances or polymers) is an effective mean to manipulate the zeta potential of fiberglass. To answer the question, in general, there are several means that can be used to vary the electrokinetic behavior of fiberglass, such as, (1) variation in pH, (2) non-specific adsorption and (3) specific adsorption of charged chemicals on the fiberglass surface, etc.
In non-specific adsorption, charged species are "physically" attracted to a charged fiberglass surface, but not chemically bonded to it. In specific adsorption, the charged species are attracted and chemically bonded to the fiberglass surface. As a rule of thumb, (1) variation in pH and (2) non-specific adsorption ( Figure 6 ) can change only the magnitude of zeta potential, the IEP of the fiberglass surface will stay the same. On the other hand, (3) specific adsorption ( Figure 7 ) of charged species on the fiberglass surface may change not only the magnitude of its zeta potential, but also its sign (from negative to positive or from positive to negative) and IEP (usually moving to a higher pH). Adsorption (specific or non-specific) of various charged substances on a fiberglass surface is an effective mean to vary its electrokinetic properties, and specific adsorption is usually more effective than non-specific adsorption. The effect of non-specific adsorption of charged chemicals is to "compress" the EDL, therefore, reducing the magnitude of zeta potential. As the concentration of charged species in a medium (sizing solution or white water) increases, the magnitude of fiberglass zeta potential will decrease (Figure 6 ). To obtain a very low magnitude of zeta potential at a given pH by non-specific adsorption, however, may have fundamental limits or may be very costly (a high concentration of charged species is needed). Also, as a general rule, the magnitude of zeta potential may approach zero, but non-specific adsorption does not change the IEP of fiberglass surface, nor the sign of its zeta potential.
As shown in Figure 7 , specific adsorption is very effective a mean to vary the electrokinetic properties of fiberglass surface. In specific adsorption, charged species (counter-ions) are chemically bonded to the fiberglass surface. When higher valence ions or a polymer that carries multiple charges are adsorbed on a fiberglass surface, it not only changes the fiberglass surface zeta potential, but also reverse the sign of its zeta potential and the value of its IEP (Figure 7) . Therefore, specific adsorption is more effective and more flexible. By selecting proper charged chemical species and by controlling adsorption conditions, both the IEP and the magnitude of the zeta potential of a glass surface can be tailored for a good WFGM process. The mechanism that affects the rate of adsorption and the factors that affect of adsorption equilibrium are out of the scope of this article.
The "variation in pH" alone plays a very limited role in terms of manipulating the WFGM process. Figure 3 (see the curve of bare glass) does show that pH strongly affects the zeta potential of (bare) fiberglass. Without using any chemical additives, however, a low zeta potential can be achieved only at a low pH near 2. On the other hand, pH is an important control variable when sized glass fibers are used. In order to achieve a good web formation, for example, we want to operate the WFGM process at a pH near the IEP of sized fiberglass (usually a neutral pH, see Figure 7 or Figure 3 for the sized glass curve).
Part II: ZETA POTENTIAL MEASUREMENT
There are four types of techniques that can be used to measure zeta potential: microelectrophoresis, streaming potential, electro-osmosis, and sedimentation potential. Although the experimental setup, driving force, and calculation methods may vary widely, these four methods are all based on a same principle: a relative motion (Figure 8 ) between the charged surface and the part of electrical double layer that is sheared off from the charged surface. A brief description about each method is given as follows and is also summarized in Table 1 . 1. Microelectrophoresis -An applied electrical potential causes charged particles to move through a continuous liquid phase. Mobility (migration velocity) of the charged particles is measured and zeta potential is calculated based on its relation to the mobility.
Streaming
Potential -An applied pressure head forces a continuous liquid phase to flow past a charged solid phase (porous plug) and a streaming potential is created due to the motion of liquid phase in relation to the charged solid. Streaming potential is measured and zeta potential is calculated based on its relation to the streaming potential.
3. Electro-osmosis -An applied electrical potential causes a continuous liquid phase to flow past a charged solid phase (porous plug). The volumetric flow rate is measured and zeta potential is calculated based on its relation to the capillary flow rate.
4. Sedimentation Potential -Gravitational force causes charged particles to settle and a sedimentation potential is created due to the motion of charged particles in relation to the stationary liquid phase. The sedimentation potential is measured and zeta potential is calculated based on its relation to the sedimentation potential.
Lab Zeta Potential Measurement
Both microelectrophoresis and streaming potential methods have been successfully used in lab zeta potential measurement, and each has some advantages and disadvantages. Microelectrophoresis measures charged particles, which are first suspended in a liquid, then filled into a flat rectangular measuring cell. A pair of electrodes are connected to the opposite ends of the sample cell. Under the influence of an applied electrical field, the suspended particles will move toward an appropriate electrode. The particle mobility (migration velocity) is measured, then, the zeta potential can be calculated
(Equation 7).
The method is reliable because the fundamentals are well understood and theoretical calculation is well developed. Practically, it is a very good method for the characterization of particle/powder materials. However, it is not convenient for characterization of fiber or fabric materials. For example, glass fibers have to be grounded or crushed before it can be measured. When sized fibers are grounded to particles, the exposed new surface (bare surface) may be quite different from the sized surface.
= U / E [7]
= 4 E s + 2 s /R)/ P [8] where = zeta potential U = mobility (migration velocity) = kinematics viscosity of the fluid E = applied electrical field strength = dielectric constant of the fluid P = pressure head E s = streaming potential = specific conductivity of the fluid s = specific conductivity of the surface R = radius of capillary Streaming potential method directly measures fiber (or fabric) surface, which are packed into a cylindrical tube. A pump (pressure head) forces an electrolyte solution to flow through the fiberglass pack (porous plug). Consequently, the flow induces a streaming potential across the sample pack. The streaming potential is measured with a pair of electrodes placed at the opposite ends of fiberglass pack, recorded with a potentiometer, and used to calculate the zeta potential (Equation 8). It is certainly an advantage that the zeta potential of fiber surface (bare or sized) can be directly measured. Streaming potential method, however, also has some disadvantages. For instance, the reproducibility of fiberglass pack is a concern, and a more vigorous theoretical correction for the effect of surface conductivity is needed to improve the accuracy of streaming potential method.
In-Line Zeta Potential Measurement
In general, there is no in-line version instrument available for the WFGM process at this time. Recently a couple of in-line zeta potential measurement instruments have been developed for paper mills. But, they are not applicable for the WFGM process, due to their limits either in measurable slurry consistencies or in manageable fiber lengths, etc.
